Several properties of an RNA-directed DNA polymerase associated with a hamster retrovirus (HaRV) were examined and found to be similar to other polymerases from mammalian type-C viruses in that the enzyme (i) is more active with Mn 2+ than Mg ~+, (ii) uses the reverse transcriptase-specific poly(rCm).oligo(dG) template, (iii) possesses substantial endogenous polymerase activity and (iv) is strongly inhibited by homologous antisera and moderately inhibited by antisera directed against other type-C viruses. In contrast to previous reports ofpolymerases from other hamster viruses, HaRV polymerase is active in endogenous assays and the activity is associated with a 7oooo mol. wt. polypeptide in highly purified virions and with 7oooo and 85ooo mol. wt. polypeptides in fresh, unpurified virus. Only one major peak of polymerase activity eluted from DEAE-cellulose while subsequent elution of this peak from phosphocellulose produced two major peaks of polymerase activity. The tool. wt. of these two peaks were 7oooo and 85ooo by glycerol density-gradient sedimentation. The HaRV reverse transcriptase and P3o were found to be most closely related antigenically to other rodent retrovirus proteins.
INTRODUCTION
Since the initial reports of an RNA-directed DNA polymerase (reverse transcriptase) by Baltimore (I97o) and Temin & Mizutani (I97O) , many reports concerning various properties of the polymerase have appeared (for recent review see Verma, 1977)- In avian systems, substantial agreement has been reached as to the enzyme's characteristics. However, enzymes isolated from mammalian viruses have revealed a diverse spectrum of sizes, activities and the presence or absence of subunit structure. The contradictions have been somewhat resolved since the demonstrations by Moelling (I976) with Friend virus, Gerard & Grandgenett (I975) using Moloney virus and Gerwin et al. (I975) with virus that the low tool. wt. (68ooo to 7o0oo) polymerases found most often may be degradation products of the higher tool. wt. activities (84ooo, 82ooo and 95ooo, respectively). However, Weiman et al. (I974) found a I23OOO tool. wt. enzyme with subunits of 51 ooo and 67000 in Friend virus.
There have been few reports on the characteristics of reverse transcriptases in hamster retroviruses and these have noted the absence of endogenous activity in the D-9 virus and the hamster leukaemia virus (Somerset al. J973; Verma et al. I974) and an unusual tool. wt. 030000) and subunit composition (Verma et al. I974) . However, the hamster leukaemia virus (HaLV) genome is known to contain at least 50 ~ mouse specific sequences (Okabe et al. 1974 ) and therefore is not necessarily representative of a hamster virus. As noted in the accompanying paper (Russell et al. 1979) , virtually all reports of hamster viruses are concerned with the HaLV-HaSV pseudotypes and very little data has appeared in the literature concerning native or endogenous hamster viruses. We demonstrate here certain characteristics of a hamster retrovirus reverse transcriptase which show it to be unlike the polymerases of the hamster viruses previously described. The implication of these results on the possible evolution of these viruses, the nature of the cell types from which they originate and the processing of the enzyme are discussed.
METIIODS
Virus preparations. HaRV was prepared as described in the previous paper (Russell et al. I979) . Purified avian myeloblastosis virus (AMV) reverse transcriptase was supplied through the Office of Program Resources and Logistics, NCI, Bethesda, Md. as were the simian sarcoma virus (SiSV), baboon virus M-7 (BaEV), Gross murine leukaemia virus (G-MuLV) and RD-I [4 virus. These viruses were received as twice gradient-purified preparations and were used without further treatment.
Polymerase assay procedures. Poly(rA). oligo(dT) reactions were done as described in the previous paper (Russell et al. J979) . Poly(rCm).oligo(dG) assays were performed by substituting Io#l/ml of poly(rC-2'-o-methyl), oligo(dG)~2-1s (from a stock of to A200/o. 5 ml) for the poly(rA).oligo(dT) in assay solution B and 3H-dGTP for the 3H-dTTP in assay solution A.
To assay endogenous reactions, IO/~1 of virus samples were pre-incubated with 2o #1 of TNDN followed by 5o/A of endogenous assay buffer, EAB [5omM-tris-HC1, pH 8"3; 6o mM-NaCI; to mM-dithiothreitol (DTT); 0"32 % (v/v) NP4o; o.z mM-MnC12] with dATP, dCTP and dGTP at 81 #M each. 3H-dTTP (sp. act. 50 Ci/mmol) was diluted in EAB and 5o/~1 containing 4 #Ci was added to each assay. After 9o rain at z5 °C, 5 ° #1 of carrier DNA was added and the samples were harvested. The optimal concentrations of Mn 2+, Mg 2+, NaC1 and NP4o were determined for the HaRV polymerase as was the 9o rain incubation.
Ribonuclease H activity. The ribonuclease H activity was determined by the assay of Weimann et al. 0974) using oligo(dT)l~-18, poly(rA), tool. wt. ~o 5, as substrate.
Molecular Weight estimation in density gradients. Glycerol density gradients, 2o to 5o% (w/w), were prepared from appropriate dilutions of glycerol in EAB with o.z M-KCI Twenty-five/~1 of virus or enzyme sample was diluted in 5 °/zl of EAB containing 5o #g/ml RNase-A and pre-incubated prior to application on the gradients. Identical gradients were loaded with AMV polymerase or a mixture of haemoglobin, Escherichia coli alkaline phosphatase, cytochrome c and 3H-thymidine. The gradients were spun at 45ooo rev/min for 15 h in an SW5o. I rotor and dripped. The haemoglobin and cytochrome c were detected spectrophotometrically; alkaline phosphatase was assayed according to Malamy & Horecker (I964) and reverse transcriptase by activity on poly(rA), oligo(dT) templates.
DEAE-cellulose chromatography. Fresh virus from up to 5o0 ml of culture supernatant was concentrated to I ml, mixed with I ml of virus lysis buffer (5o mM-tris-HCl, pH 7"5; zo % glycerol; o'5 N-KCI ; I °/o NP4o ; 5 mM-DTT) and incubated with frequent mixing for I h at 4 °C. The suspension was centrifuged at 3oooo g for I h and the supernatant was diluted r : Io with elution buffer (5o mM-tris-HCl, pH 7"5; 9-o% glycerol; 5 mr~-DDT;) plus I mg/ml bovine serum albumin (BSA). The diluted supernatant was applied to a DEAEcellulose column pre-equilibrated with elution buffer containing o'o5 M-KCI. The buffer reservoirs, column and receiving tubes were all packed in ice and the pH of the buffers was adjusted prior to addition of DTT. The column was eluted into I ml fractions with 2o ml of elution buffer plus 0"05 M-KC1 followed by a 5 ° ml KC1 gradient (0"05 to 0"5 M-KC1) in elution buffer. The column was finally washed with 20 ml of elution buffer with 0"5 N-KCI. The fractions were assayed for poly(rA), oligo(dT) reverse transcriptase activity.
PhosphocelMose chromatography. Samples of virus (t ml) were suspended in I ml of virus lysis buffer and prepared and applied as above. If fractions from a DEAE-cellulose elution were used, elution buffer was added to reduce the KC1 concentration to below o'o5 M prior to sample application. All solutions, the column and fractions were kept in an ice bath.
The column was first eluted with 3o ml of elution buffer plus o'o5 M-KCI, then with a 4o ml o'o5 to 0"4 N-KC1 gradient in elution buffer. The final wash was done with 3 ° ml of elution buffer with o'4 M-KCI. Each fraction was assayed as above. Antibody inhibition of reverse transcriptase. Anti-HaRV sera were raised in rabbits by multiple footpad injections of 50/zg of purified HaRV in 5o/zl of 50 °fo complete Freund's adjuvant at 2-week intervals. Goat anti-Rauscher murine leukaemia virus reverse transcriptase (anti-R-MuLV-RT) goat anti-SiSV, goat anti-BaEV and goat anti-RD-i I4 reverse transcriptase (anti-RD-~ ~4-RT) were obtained through the Office of Resources and Logistics, NCI. All sera were heat-inactivated at 56 °C for 3o min prior to isolation of the immunoglobulin fraction by precipitation with 40 o/o saturated (NH4)2SO4 and elution from DEAE cellulose. Virus suspensions were diluted 1:3 with TNDN and 3o#I dispensed per well. After I5 min at 4 °C, various dilutions of antibody in 5o/d of tris-saline were added as indicated. These were incubated for I h at 4 °C followed by 5o/zl each of assay solutions A and B to detect poly(rA).oligo(dT) reverse transcriptase activity. After 9o min at 25 °C the reactions were harvested. All sera were tested and found to have no significant inhibitory activity in AMV polymerase controls relative to normal, non-immune control immunoglobulins.
Protein assays. The Coomassie blue G-25o protein assay as described by Bradford (I976) ~¢as used for all determinations.
Radioimmunoassays of HaR V p3o and polymerase. Preliminary radioimmunoassays were orformed by M. Lieber and C. Sherr, Meloy Laboratories, as described by Sherr et al. 975) . Rabbit antibody was prepared against the p3o of feline leukaemia virus, Rickard strain (R-FeLV). The ability of disrupted virions to compete with radio-iodinated R-MuLV p3o for the rabbit anti-R-FELV p3o was tested. Similar experiments were performed using the respective reverse transcriptases.
RESULTS

Metal ion and template .primer activity
The ability of the HaRV-associated reverse transcriptase to utilize poly(rA).oligo(dT) and poly(rCm).oligo(dG) templates in the presence of Mn 2+ or Mg TM was tested. The template primer poly(rCm).oligo(dG) has been shown to be highly specific for reverse transcriptases from several type-C viruses (Gerard et al. I974) . HaRV is also able to utilize this template.primer. As seen in Table I . the hamster enzyme was considerably more active with Mn 2+ than Mg z+ on all templates. The depressed response observed when both metals were present suggests that Mg 2+ binds readily to the enzyme, but the Mg2+-enzyme complex is not as efficient as the Mn2+-enzyme complex in utilizing the poly(rA) template. Since the AMV enzyme, when tested on either template, is even more active in the presence of Mg z+ than Mn 2+, it is unlikely that the low activity demonstrated by the hamster enzyme with Mg 2+ is due to the formation of complexes between the dNTPs and the Mg 2+ and their subsequent unavailability to the enzyme. The activity observed when no metal was added to the assay is presumably due to trace contamination by metals and/or the metal already bound by the enzyme and carried into the assay, since there is no activity in the presence of t mM-EDTA. The Mn ~+ and Mg 2+ concentrations used were optimal for the HaRV polymerase.
It has been reported that certain hamster type-C viruses lack endogenous reverse transcriptase activity (Somerset al. 1973; Verma et al. 1974) . In contrast to these results, we found that HaRV was able to synthesize DNA with or without actinomycin D from its vRNA template, although the amount of polymer produced was considerably less than that observed with the synthetic templates (Table I) . Although these values are indicative of enzyme activity, they should be interpreted with caution since a number of factors can easily affect the reactions. The thermal stability of the HaRV polymerase, as previously shown for other reverse transcriptases, is greatly enhanced by the presence of poly(rA), oligo(dT). More than 8o o/ /o of polymerase activity is retained after 6o min at 3o °C in the presence of template, primer while only 4 % remains in the absence of poly(rA), oligo(dT). At o °C, no detectable activity is lost in 6o rain regardless of the presence or absence of template.primer.
RNase H
In addition to the hamster enzyme, RNase H activities of two known tumour viruses, the avian myeloblastosis virus and the Rauscher murine leukaemia virus, were determined ( Table 2) . The RNase H enzyme of the hamster virus was less active with the poly(rA) template than the other two virus enzymes. The activities of the reverse transcriptases were included so that the three RNase H activities can be compared in relation to the polymerase activity. Verma et al. 0974) reported that the RNase H activity of HaLV was undetectable. 
Antibody inhibition of HaR V-associated reverse transcriptase
The abilities of antibody raised to several different disrupted retroviruses and reverse transcriptases to inhibit HaRV reverse transcriptase activity on poly(rA) templates were tested. As expected, all the immunoglobulin preparations were most inhibitory toward their homologous polymerases (Fig. ] a to d) . Only the anti-R-MuLV-RT gave evidence of substantial cross-reaction with HaRV polymerase (Fig. Ic) . Likewise, the anti-HaRV antibodies were most cross-reactive with the murine reverse transcriptase (Fig. z) 
II I
• _ ~.~__~_4. demonstrated only a weak inhibition of the SiSV and BaEV enzymes. It is not surprising that antisera to rodent type-C viruses would be cross-reactive with HaRV since it has been reported that HaLV reverse transcriptase cross-reacted with anti-routine polymerase sera (Aaronson et al. t97I ; Parks et al. I972) . and antigenic relatedness of HaRV proteins to murine reagents was found by radioimmunoassay (next section). Although two primate sera (anti-SiSV and anti-BaEV) possessed modest inhibitory activity to the HaRV polymerase ( Fig. Ib and d) anti-HaRV had little or no effect against the SiSV or BaEV polymerases (Fig. 2) .
Determination of reverse transcriptase and gs3 (P3O) antigen by competitive radioimmunoassay
The radioimmunoassay described by Sher et al 0975) detects the presence of rodent and feline gs3 (p3o) antigen by its ability to inhibit the binding between R-MuLV P3o and rabbit anti-FeLV p3o. An inhibition of IO% or greater is found by the addition of 1"5 ng of known murine and feline retrovirus protein. Since less than r ng of HaRV protein gave a lo % inhibition, HaRV is related to murine and feline viruses. At least ]o to 5o ng of retrovirus protein from other species (primate and porcine) were required to give a IO % inhibition. Other hamster and guinea pig viruses were not tested. Analogous experiments utilizing reverse transcriptase reagents also indicated cross-reactivity between HaRV polymerase and other rodent polymerases. 
Glycerol density gradients of HaR V-associated polymerase
Sedimentation of the HaRV reverse transcriptase from fresh crude virus and pure virus in glycerol density gradients was done to find an estimate of its mol. wt. The major peak of activity has a mol. wt. of approx. 7oooo. A shoulder of activity sedimenting near alkaline phosphatase (mol. wt. 89oo0) has been noted on several gradients and is especially pronounced when fresh virus is used. The presence of these two different tool. wt. forms of the enzyme has also been found in the purified polymerase preparations discussed in the following section. This finding is similar to that of Moelling 0976) who, using Friend virus, found an 84o00 mol. wt. activity which degraded upon manipulation to lower mol. wt. polypeptides, including an active 690o0 mol. wt. polypeptide.
A small amount of activity is routinely found near the botton of the glycerol density gradients. Since the virus is pre-incubated with RNase A, it is probably not an enzyme-RNA complex, but could be an aggregate similar to those reported by Bandyopadhyay (I977) and Nakajima et al. (I974) .
Purification of HaR V reverse transcriptase
The presence of multiple forms of the polymerase are indicated by the results obtained with DEAE cellulose and phosphocellulose chromatography of HaRV reverse transcriptase using KC1 gradients for elution and glycerol density gradient sedimentations. One peak or one peak with a small shoulder are found when fractions from DEAE-cellulose are tested for reverse transcriptase activity on poly(rA), oligo(dT) (Fig. 3) . The results of five runs on DEAE-cellulose reveal that activity eluted at an average KCI concentration of o.I I M and that three of the five runs possessed a shoulder of activity on the major peak.
Poly(rA). oligo(dT) activity was found in discrete multiple peaks upon elution of DEAEcellulose purified polymerase from a phosphocellulose column. Variable peaks were found, but of five runs, all showed peaks either at o-z2 M-KC1, or o'34 M-KC1 or both. Two of the five runs indicated activity at o.27 M-KCI. No activity eluted at KCI concentrations other total number of fractions markers using the average of three separate sedimentation experiments confirms these tool. wt. estimates (Table 3 )-
DISCUSSION
Our present results suggest that the hamster retrovirus polymerase differs from those of the hamster-murine pseudotypes (HaLV, HaSV) and is similar to the known murine virus polymerases. The antibody studies show that the HaRV polymerase has a significant level of cross-reactivity with the murine virus polymerases while sharing a lesser degree of crossreactivity with simian virus polymerase. The tool. wt. of the hamster virus enzyme (85ooo and 7oooo) are similar to the murine virus polymerase but different from the hamster pseudotype polymerases. In contrast to certain other hamster retroviruses and the hamstermurine pseudotypes, the data presented here demonstrate that the polymerase activity of HaRV is similar to that of known mammalian type-C viruses in many respects, having optimal activity with Mn 2+, a preference for poly(rA) templates, endogenous reverse transcriptase activity, activity on the reverse transcriptase-specific poly(rCm) template and RNase H activity.
The major activity of the HaRV-associated polymerase was found at 7oooo on glycerol gradients but with significant activity at 85ooo mol wt. A shift of activity from 85ooo to 7oooo was found when highly purified virus was used in place of fresh virions, which is consistent with the Moelling 0976) hypothesis that the 84ooo polymerase activity in Friend virus is degraded to 69ooo with time and manipulation. The sedimentation rate of the 85ooo HaRV activity is not great enough for it to be the result of dimer formation between two 7oooo polymerases. It could, however, be a complex with a smaller molecule. In order to clarify these results on the size of the HaRV reverse transcriptase, the enzyme has been purified by ion-exchange chromatography on DEAE-cellulose and phosphocellulose and the various fractions examined on glycerol density gradients. It appears that the polymerase exists in at least two forms, one of which has an 85ooo tool. wt. and elutes from phosphocellulose at o'35 M-KC1 and another form which has a mol. wt. of 7oooo and elutes at o'22 M-KC1 from phosphocellulose. The two forms co-eluted from DEAE cellulose. No difference was noted in their relative activities on poly(rA) or poly (rCm) templates. These values are unlike those reported for HaLV polymerase by Verma et al. 0974 ) who found a mol. wt. of 12oo00 comprised of 68oo0 and 53ooo subunits. Preliminary evidence has been obtained which shows two forms of HaRV polymerase activity eluting at o"I5 M and 0"25 M-KCI from poly(rC)-agarose.
Other investigators have reported multiple forms of reverse transcriptase, some with sizes similar to those reported here (Gerard & Grandgenett, 1975; Gerwin et al. I975; Moelling, I976; Wieman I974) and different properties have been assigned to the various mol. wt. forms by these investigators. The evidence strongly suggests that the enzyme active in transcription of the 7oS RNA genome is the higher mol. wt. form. It has been postulated by Moelling (I976) that the low tool. wt. enzyme, which is active primarily on synthetic templates, is the result of either spontaneous or enzymic degradation of the higher mol. wt. enzyme during storage and purification. This would explain why most reports of the tool. wt. of purified reverse transcriptases indicate a size of approx. 7ooo0 and is consistent with observations that crude preparations of virus frequently show a greater endogenous activity relative to poly(rA) activity than purified virus preparations. We are currently working to assess the properties of each of the sizes of HaRV polymerase. Peptide mapping and immunochemical studies should reveal if the smaller polymerases are derived from the higher tool. wt. polypeptides.
The relative abilities of antisera to inhibit reverse transcriptase have been taken as an indication of phylogenetic relationships among the viruses. Evidence presented here showed significant cross-reaction between the HaRV polymerase and murine virus polymerase, while modest inhibition of HaRV enzyme was demonstrable with an antisera raised to simian sarcoma virus and baboon M-7 virus. This result is as one would expect since a close relationship between rodent viruses was found in previous inhibition studies (Aaronson et al. I97I; Parks et al. I972 ) , where HaLV demonstrated significant crossreactivity with murine virus polymerases. Anti-HaRV sera were able to inhibit the MuLV polymerase, but were only weakly inhibitory for the SiSV polymerase and ineffective against the BaEV virus enzyme. These virus polymerases were inhibited by their homologous antisera. It is unclear which proteins of HaLV are of murine origin; the HaLV polymerase may be all or partially specified by murine sequences and thus readily inhibited by antimurine polymerase sera. Since HaRV is a 'hamster' virus, its polymerase may be different from the murine enzymes but it does show antigenic relatedness to them. Since HaLV is a pseudotype, the grouping of all hamster type-C viruses with rat, murine and feline viruses by Strand & August (I975) , based on HaLV p3o cross-reactions, must be made cautiously. HaLV, RaLV, and FeLV p3os have been noted to be somewhat more similar to each other than to MuLV p3o (Charman et al. I976) . Since only a few viruses were tested, the radioimmunoassay data on HaRV precludes the drawing of conclusions, but does demonstrate that the p3o and reverse transcriptase of HaRV are related to those of the feline, murine and rat retroviruses.
